Passive (battery-free) wireless patch antenna sensors have been developed in recent years for strain sensing, to provide convenient and low-cost instrumentation. Despite past efforts, current analytical and experimental studies have mainly focused on performance in single-axial measurement, which is simple and unrealistic from typically encountered arbitrary plane stress fields. This research presents strain sensor rosettes made of folded patch antennas and slotted patch antennas for measuring an arbitrary surface strain (plane stress) field. The transverse strain effect of both sensors has been discussed and validated through laboratory experiments. Multi-physics coupled simulation is conducted to accurately describe the mechanical and electromagnetic behaviors of antenna sensors. Resonance frequency shifts of the antenna sensors are used to derive the three strain components in an arbitrary plane stress scenario, i.e. two normal and one shear strain components. Both numerical studies and experimental validations have been performed.
Introduction 1
Strain is one of the most important physical indicators that can quantify the performance and condition of 2 civil structures. Traditional strain sensing systems usually utilize cable connected equipment for data 3 acquisition, such as metal foil strain gages and fiber optic sensors. As a result, these systems suffer from 4 high installation cost and inconvenient application when many sensors need to be installed over a large-5 scale structure (Spencer et al., 2004) . The emergence of wireless sensors, especially recently developed 6 passive wireless sensors which do not need battery or other onboard power supply, has shown promise to 7 overcome the cable-related difficulties (Butler et al., 2002 , Tan et al., 2008 . 8
One example of passive wireless strain sensors is microstrip patch antenna sensor, whose resonance 9 frequency changes when strain is applied. Tata et al. have investigated the potential of a rectangular 10 microstrip patch antenna on strain sensing (Tata et al., 2009 ). First using cabled measurement, the linear 11 relationship between resonance frequency of the antenna and strain is validated (Tata et al., 2009 ). The 12 relationship is later verified by wireless interrogation (Deshmukh and Huang, 2010) . As the rectangular 13 microstrip patch antenna is only sensitive to strain along the longitudinal direction or the transverse direction, 14
Daliri et al. propose a circular microstrip patch antenna sensor (Daliri et al., 2012 ) that responds to surface 15 strain. However, the sensor cannot distinguish the three surface strain components when an arbitrary strain 16 field is applied. 17
Another widely investigated approach for passive wireless sensing is radio frequency identification (RFID) 18 technology. The RFID technology can offer the ability to modulate the response signal from the sensor 19 (EPCglobal Inc., 2008) and thus distinguish it from environmental reflection. In recent years, many passive 20 wireless strain sensors based on RFID technology have been proposed. A printed RFID patch antenna has 21 been shown to measure high strain with the change of antenna gain and impedance (Merilampi et al., 2011) . 22
Meanwhile, Occhiuzzi et al. demonstrate the relationship between strain and electromagnetic behaviors of 23 a meander-line RFID antenna sensor (Occhiuzzi et al., 2011) . In order to reduce the size of an RFID patch 24 antenna sensor, Yi et al. propose an antenna folding technique using vias, and validate the performance of 25 the folded patch antenna sensor by tensile experiments (Yi et al., 2011) . To achieve further size reduction 26 of the RFID patch antenna sensor, slots are added on the top copper cladding to provide a detoured current 27 path, the length of which determines antenna resonance frequency (Yi et al., 2013a , Yi et al., 2013b . Multi-28 physics simulation coupling mechanics and electromagnetics is proposed to more accurately describe the 29 behavior of the sensor (Yi et al., 2013a , Yi et al., 2013b . 30
Although the achievements in previous research have shown great potential in wireless strain sensing, 31 most of the studies only address scenarios when either longitudinal or transverse strain are applied 32 separately. Wireless strain sensing of an arbitrary surface strain field, with three strain components applied 33 simultaneously, has not been thoroughly investigated. In this paper, strain sensor rosettes made of folded 34 patch antenna sensors or slotted patch antenna sensors are proposed to measure an arbitrary surface 35 strain field. The strain sensing mechanism of patch antenna sensors is studied first. In order to achieve 36 accurate strain measurements, the transverse strain effect of patch antenna sensors is investigated through 37 laboratory experiments and the method to consider this effect is proposed. To thoroughly investigate the 38 strain sensing performance of both the rosettes, multi-physics simulation coupling mechanics and 39 electromagnetics is conducted to study the electromagnetic behaviors of antenna sensors under strain. To 40 better understand the strain sensing performance using patch antenna sensor rosettes, the consistency 41 between one sensor scenario and a rosette scenario, as well as the effect of base structure dimensions, 42 have been studied. 43
The rest of this paper is organized as follow. Section 2 introduces the rosette strain sensing mechanism of 44 patch antenna sensors. Section 3 proposes the method to consider the transverse strain effect in the rosette 45 setup. Section 4 presents the mechanics-electromagnetics coupled finite element models and the strain 46 sensing simulation results. Finally, the paper is summarized with conclusion and future work. 47
2
Rosette strain sensing mechanism of wireless patch antenna sensors 48
This section provides the quantitative relationship between the resonance frequency of a patch antenna 49 sensor and the strain experienced by the sensor. Section 2.1 introduces the strain sensing mechanism of 50 a single patch antenna sensor. The generic formulation is applicable to both folded patch antenna sensors 51 and slotted patch antenna sensors. Section 2.2 presents the experiment validation on the strain sensing 52 mechanism of both types of sensors. Section 2.3 shows the strain rosette of two types of antenna sensors. 53
2.1
Strain sensing mechanism of a single patch antenna sensor 54 is the electronic ground plane and is also made of copper cladding. Vias through the substrate connect the 58 top copper cladding and the electric ground in order to reduce the size of the antenna sensor. The matching 59 line in Figure 1(a) is designed to achieve the best impedance matching between the folded patch antenna 60 sensor and the RFID chip. The geometry pattern of the slotted patch antenna sensor is designed to have 61 the best impedance matching between the antenna and the RFID chip, so there is no independent matching 62 line in the slotted patch antenna sensor. In each figure, dashed arrows illustrate electrical current path on 63 the top copper cladding of the antenna sensor. For folded patch antenna sensor, the current path is a 64 straight line; for slotted patch antenna sensor, the current path is detoured around the slots. 65 The underlying physics of a patch antenna sensor for strain sensing is that the electromagnetic resonance 67 frequency of the patch antenna changes under strain. When strain is applied on the sensor, the length of 68 electrical current path changes accordingly, and thus the resonance frequency changes. This change in 69 resonance frequency of the patch antenna sensor can be wirelessly detected through RIFD technology (Yi 70 et al., 2011 ). An RFID reader emits a wireless interrogation signal to the sensor, which in turn harness 71 energy from the signal for its own operation. When the interrogation frequency equals to the resonance 72 frequency of the patch antenna sensor, best matching between antenna and the RFID chip occurs, and 73 thus least interrogation power is needed to activate the RFID chip. By recording the interrogation frequency 74 corresponding to the minimum value of interrogation power, the resonance frequency of the patch antenna 75 is obtained and then used to derive the amount of strain. In general, Eq. (1) shows the relationship betweenthe resonance frequency and the geometric property of a patch antenna that has the row of vias connecting 77 top copper cladding to the ground plane: 78
where is the speed of light; l is the length of current path in longitudinal direction; t is the length of 79 current path in transverse direction;
′ is the additional length due to fringing effect; total is the total length 80 of current path; r,eff is the effective dielectric constant. obtain an accurate strain measurement, this study will demonstrate that the transverse strain effect should 86 be considered, particularly for slotted antenna sensors. 87
When the patch antenna is under relatively small longitudinal strain l and transverse strain t , the 88 resonance frequency of the antenna changes to: 89
The equation shows that the resonance frequency is approximately linear to the strain on the antenna 90 sensor, in particular if the strain is small. Due to the bonding effect between the antenna sensor and the 91 base structure, only some percentage of the strain in the base structure can be transferred to the antenna 92 sensor. Longitudinal strain transfer ratio l refers to the percentage of the longitudinal strain on the sensor 93 l over the longitudinal strain on the base structure l ; transverse strain transfer ratio t refers to the 94 percentage of the transverse strain on the sensor t over the transverse strain on the base structure t . 95
Both ratios are close to but less than 100%. We use ∆ to denote the change of the resonance frequency 96 of the antenna sensor when strain l and t occur on the surface of the base structure. Based on the linear 97 relationship shown in Eq. (2), the relationship between ∆ and l , t is obtained as: 98
where l is named the longitudinal strain sensitivity and t is named the transverse strain sensitivity. Each 99 sensitivity number represents the linear proportional relationship between resonance frequency and the 100 strain along that direction. 101
Experiment validation 102
To better illustrate the transverse strain sensitivity of a patch antenna sensor, tensile tests on folded patch 103 antenna sensors and slotted patch antenna sensors have been conducted. As shown in Eq. (3), strain sensitivities are mainly determined by the lengths of electric current paths. 114
Because the actual current paths on a fabricated sensor are determined by the sensor geometry, it ispreferable that the sensor fabrication is as accurate as possible. Another important factor on strain 116 sensitivity is strain transfer ratio. To achieve a high strain transfer ratio, strong bonding is needed when 117 installing the antenna sensors. Other factors, such as interrogation distance, specimen size, and loading 118 method, are found to have smaller effect on the strain sensitivity of antenna sensors. 119
The axial force applied by the tensile machine is configured so that approximately a +50 µε along y-axis is 120 achieved at each loading step. Meanwhile, the specimen shrinks along x-axis due to Poisson's effect. The 121 test starts with y = 0 με, and ends at around y = 350 με. At each loading step, the resonance frequencies 122 for both sensors and the strain for both directions are recorded. For each specimen, Figure 3 shows the strain versus measured by metal foil strain gages. The slope 127 of each plot is around 1/3 which is close to the Poisson's ratio of aluminum. 
Upon solving the least squares problem using available data points, Table 2 lists the longitudinal and 133 transverse strain sensitivities of both sensors. The folded patch antenna sensor has a transverse strain 134 sensitivity of 25 Hz/με, which is close to 0 Hz/με. This is because transverse strain cannot significantly 135 change the total length of current path for a folded patch antenna sensor. On the other hand, due to the 136 complicated geometry of a slotted patch antenna sensor, transverse strain changes the total length of 137 current path of the sensor. Thus, the slotted patch antenna sensor has a relatively high transverse strain 138 sensitivity, which is around -362.3 Hz/με. 139 
where 1 is the angle between x-axis and the longitudinal direction of Sensor 1, which equals to 90º; 2 is 158 the angle between x-axis and the longitudinal direction of Sensor 2, which equals to 210º; 3 is the angle 159 between x-axis and the longitudinal direction of Sensor 3, which equals to 330º. Therefore, in each rosette, 160 from the longitudinal strains measured by three sensors, the three strain components can be calculated as: 161 
where is the transformation matrix which maps the longitudinal strains measured three sensors onto the 162 three strain components under Cartesian coordinates. 163
3
Consideration of transverse strain effect 164
When measuring a surface strain field by the strain sensor rosette, the transverse strain sensitivity of each 165 antenna sensor should be considered. Transverse strain sensitivity in a patch antenna sensor refers to the 166 change of resonance frequency due to strain in the transverse direction of the sensor. The transverse strain 167 effect should be considered in order to obtain the accurate longitudinal strain value. 168
For an antenna sensor exposed to an arbitrary surface strain field, the change of the resonance frequency 169 may contain contribution from both longitudinal and transverse strains. Eq. (3) is repeated for convenience: 170
Here l is the normal strain along the longitudinal direction under the antenna sensor, t is the normal strain 171 along the transverse direction under the antenna sensor, l is the longitudinal strain sensitivity, and t is 172 the transverse strain sensitivity. It is should be noted that l and t are defined in a uniaxial strain setting 173 rather than a uniaxial stress setting. In accordance with practical application, it is assumed that three 174 antenna sensors in the strain rosette share the same longitudinal strain sensitivity l and transverse strain 175 sensitivity t . Using Eq. (6) and Eq. (7), the change of the resonance frequency of Sensor 1 in the rosette 176 setup can be expressed as: 177 
Likewise, the equations for ∆ 2 and ∆ 3 can be derived. 
This method to consider transverse strain effect is further studied for both types of rosettes in the next 184 section. 185
4
Mechanical-electromagnetic coupled simulation 186
Behavior of both types of the rosettes, under arbitrary surface strain field, is first studied in numerical 187 simulation. Section 4.1 introduces the numerical model which simulates the behavior of each rosette. 188 As the electromagnetic field has little effect on mechanical field, a sequential coupled simulation approach 207 is adopted. First, the mechanical simulation is conducted to obtain the deformed antenna shapes. Second, 208 the electromagnetic behaviors of the antenna sensors are simulated based on the deformed shapes, so 209 that antenna resonance frequency under strain can be identified. The mechanics-electromagnetics coupled 210 simulation therefore accurately characterizes electromagnetic behavior of the antennas under strain. 211
In the mechanical simulation, the aluminum plate and the substrate of antenna sensors are simulated by 212 tetrahedral solid elements SOLID186, while the stiffened outlines of the aluminum plate and the copper 213 cladding of antenna sensors are simulated by shell elements SHELL181. The bonding effect between 214 antenna sensors and the aluminum plate is treated as ideal, i.e. the bottom surface of antenna sensors and 215 the top surface of the aluminum plate share the same nodes. 216
In the electromagnetic simulation, the aluminum plate and the stiffened outlines are removed while the 217 copper cladding, the substrate of each antenna sensor, and the air layer constitute a resonance cavity. The 218 elements of the substrate and the air are converted to high-frequency electromagnetic elements HF119. are applied on the horizontal stiffened outlines of the aluminum plate to generate normal strain l,1 (i.e. y 227 along y-axis) in the longitudinal direction of Sensor 1. Meanwhile, the other two outlines are constrained so 228 that transverse strain t,1 (i.e. x along x-axis) of Sensor 1 remains zero. Figure 6 shows the displacements 229 assigned to the stiffened outlines to generate this uniaxial strain field for Sensor 1. 230
The displacements are adjusted to generate different strain levels of l,1 (from 0 to 2,000 με with increments 231 of 500 με) in the aluminum plate. Figure 7 shows the strain distribution y of the two types of rosettes when 232 2,000 με is applied. The figure shows that approximately uniform strain distribution y is achieved around 233 the center area of Sensor 1 and the strain distribution highly depends on the geometry pattern. 
263
In total, six loading scenarios are simulated for the plate with folded patch antenna sensor rosette, in order 264 to identify l,1 , t,1 , l,2 , t,2 , l,3 , and t,3 . Likewise, six loading scenarios are simulated for the plate with 265 slotted patch antenna sensor rosette, to identify the longitudinal and transverse strain sensitivities for each 266 of the three sensors. Table 5 lists the simulation results of all the three sensors for both types of strain 267 rosettes. As the meshing on three antenna sensors cannot be perfectly the same, the initial frequencies 268 and strain sensitivities of the three sensors are very close but have slight differences. The results show that 269 the longitudinal strain sensitivities of folded patch antenna sensors are higher than those of slotted patch 270 antenna sensors. In addition, the transverse strain sensitivity of the folded patch antenna is zero, which 271 makes its application straightforward when transverse strain effect exists. However, as the folded patch 272 antenna sensor rosette does not have reflection symmetry like the slotted patch antenna sensor rosette, 273 the differences on initial frequencies and strain sensitivities among the three folded patch antennas are 274 slightly larger than those among the three slotted patch antenna sensors. 275 To further validate the strain sensing performance of each rosette, an arbitrary surface strain field with x = 279 −400 με in the x direction, y = 600 με in the y direction and xy = 200 με shear strain is applied on the 280 aluminum plate. Again, displacements are applied at the stiffened outlines of the aluminum plate to generate 281 the desired strain field. Table 5 ), the average of the strain 291 sensitivities are adopted for strain measurement. For the folded patch antenna sensors, the average 292 longitudinal strain sensitivity l = −855.857 Hz/µε and the average transverse strain sensitivity t =0 Hz/µε; 293 for the slotted patch antenna sensors, the average longitudinal strain sensitivity l = −771.121 Hz/µε and 294 the average transverse strain sensitivity t = −220.052 Hz/µε. Based on the strain-induced resonancefrequency change vectors above, the three strain components x , y , and xy under each rosette are 296 calculated according to Eq. (10). 297 298 Table 6 shows the strain components calculated from the frequency shifts of each strain rosette. The 299 simulation results indicate that both types of strain sensor rosettes can be used to measure the arbitrary 300 surface strain field with acceptable errors. Because the folded patch antennas have zero transverse strain 301 sensitivity, it is not needed to consider transverse strain effect on the resonance frequency shift. For the 302 slotted patch antenna rosette, if the transverse strain effect is not considered, the errors increase 303 dramatically to 41.97% for x , 18.95% for y , and 25.50% for xy . This means for the slotted patch antennas, 304 the transverse strain sensitivity has a significant effect on the measurement. The effects needs to be 305 considered to obtain accurate strain components. 
